The apical surface of the terminally differentiated mouse bladder urothelium is largely covered by urothelial plaques, consisting of hexagonally packed 16-nm uroplakin particles. These plaques are delivered to the cell surface by fusiform vesicles (FVs) that are the most abundant cytoplasmic organelles. We have analyzed the functional involvement of several proteins in the apical delivery and endocytic degradation of uroplakin proteins. Although FVs have an acidified lumen and Rab27b, which localizes to these organelles, is known to be involved in the targeting of lysosome-related organelles (LROs), FVs are CD63 negative and are therefore not typical LROs. Vps33a is a Sec1-related protein that plays a role in vesicular transport to the lysosomal compartment. A point mutation in mouse Vps33a (Buff mouse) causes albinism and bleeding (Hermansky-Pudlak syndrome) because of abnormalities in the trafficking of melanosomes and platelets. These Buff mice showed a novel phenotype observed in urothelial umbrella cells, where the uroplakin-delivering FVs were almost completely replaced by Rab27b-negative multivesicular bodies (MVBs) involved in uroplakin degradation. MVB accumulation leads to an increase in the amounts of uroplakins, Lysosomal-associated membrane protein (LAMP)-1/2, and the activities of β-hexosaminidase and β-glucocerebrosidase. These results suggest that FVs can be regarded as specialized secretory granules that deliver crystalline arrays of uroplakins to the cell surface, and that the Vps33a mutation interferes with the fusion of MVBs with mature lysosomes thus blocking uroplakin degradation.
The urinary bladder and much of the rest of the lower urinary tract are lined by a unique type of stratified epithelium, called urothelium, which is characterized by a surface layer of highly specialized, terminally differentiated umbrella cells (1) (2) (3) . The apical surface of these cells is almost completely covered by urothelial plaques [also known as asymmetric unit membranes (AUMs)] (1,4), which are 2D crystals of hexagonally packed 16-nm particles (4-8) composed of four major transmembrane proteins, the uroplakins (UPs) Ia, Ib, II and IIIa (9) (10) (11) (12) (13) (14) (15) . The assembly process of UPs begins in the endoplasmic reticulum (ER) (16, 17) , where specific UPIa/II and UPIb/III heterodimers are formed (12) (13) (14) 16, 17) . Small crystalline arrays of 16-nm UP particles are first observed in the trans Golgi network (TGN) (18) , from which a population of discoidal vesicles is derived and in which the crystalline UP plaques accumulate and expand (1, 2, 4, 8, 9, 16) . When these plaques cover the entire surface the vesicles acquire a somewhat flattened disc configuration, leading to their designation as fusiform vesicles (FVs) (1, 4) .
Mature FVs occupy large portions of the apical cytoplasm of the umbrella cells where, in response to signals presumably related to bladder distention, they undergo fusion with the apical plasma membrane to deliver the crystalline plaques (19) (20) (21) (22) (23) . It has long been thought that FVs could also be formed by retrieval of urothelial plaques from the apical surface of umbrella cells, and that this bidirectional movement provides a means to reversibly modulate the surface area of the urothelium in response to changes in bladder volume (18) (19) (20) (21) 24) . This notion was supported by reports that stretching of the bladder led to a significant decrease in the number of cytoplasmic FVs (19, 21) and www.traffic.dk 1 to an increase in urothelial apical surface area based on electrophysiological measurements (24) . Whether recycling of surface AUMs via FVs actually takes place during the micturition cycle has been questioned, as UPs internalized from the plasma membrane appeared to be subsequently degraded in lysosomal compartments (21, 25) .
Previously, we showed that Rab27b, a member of the Rab family of small GTP binding proteins known to play a role in organelle targeting (26, 27) , is highly expressed in the urothelial umbrella cells where it is associated with FVs (22) . Furthermore, Rab27b and/or its close homolog Rab27a have been shown to be involved in the targeting and the regulated plasma membrane fusion not only of secretory granules (28, 29) but also of some lysosomerelated organelles (LROs; also known as secretory lysosomes) (30) (31) (32) . The LROs are cell-type specific organelles that have a variety of functions and share some compositional and physiological characteristics with conventional lysosomes (33) (34) (35) (36) . The family of LROs includes melanosomes, dense core granules of platelets, lytic granules of cytotoxic T lymphocytes (CTLs), mast cell basophilic granules, Weibel-Palade bodies of endothelial cells and azurophilic granules of neutrophils or eosinophils (33, 35, 36) . It is interesting to note that also Rab11a plays a role in the exocytosis of FVs (37) .
Vps33a is a Sec1-related protein involved in vesicular transport to the lysosomal compartment, and it is a protein of the homotypical vacuolar protein sorting (HOPS) complex that is involved in the regulation of endosomelysosome fusion (38, 39) . A point mutation in mouse Vps33a (Asp251Glu) causes albinism and prolonged bleeding because of abnormalities in melanocyte, platelet trafficking (39) . This mouse (known as the Buff mouse) provides a model system for Hermansky-Pudlak syndrome (HPS) (40) , which is an autosomal recessive disorder caused by mutations in proteins, including Vps33a, that regulate the trafficking of LROs (31, 35, (41) (42) (43) (44) . The Buff mouse and several other mouse models for this syndrome have been characterized and have helped to identify the specific function of some of the cognate regulatory proteins (31, 43, 44 ).
Here we demonstrate that the Rab27b-associated FVs have an acidified lumen, and those immature FVs, but not the mature ones, contain CD63. In addition, we show that the Vps33a mutation has a novel phenotype in urothelial umbrella cells by causing a marked depletion of FVs and a concomitant accumulation of large amounts of multivesicular body (MVB)-like organelles. The large amounts of MVB-like organelles accumulating in umbrella cells of the Vps33a mutant mouse were noted to be a part of the degradative pathway. As protein sorting into MVBs and delivery to the lysosomal lumen are the major mechanisms for degrading post-Golgi integral membrane proteins in all eukaryotic cells (45) , our results indicate that the mutation of Vps33a leads to the diversion of a large fraction of urothelial plaques into a degradative pathway where they accumulate in MVBs. The resulting expansion of this late endosomal compartment is most likely because of its inability to fuse with mature lysosomes.
Results

The fusiform vesicles are acidified and do not contain CD63
We have previously shown that high levels of Rab27b are expressed in urothelial umbrella cells where they are bound to FVs (22) . In many non-urothelial tissues, the expression of Rab27b is associated with the biogenesis and/or trafficking of secretory granules (28, 29) and LROs (30, 32, 36) . We therefore decided to characterize the Rab27b-positive FVs more closely and to determine whether FVs are LROs. Incubation of mouse bladder explants with acridine orange led to the staining of numerous cytoplasmic vesicles that were largely restricted to the cytoplasm of umbrella cells ( Figure 1A) . Similar results were obtained using another weak base, 4-dinitroanilino-3 -amino-N-methyldipropylamine (DAMP) (46) , showing intense green labeling with a granular appearance in the apical cell layer corresponding to the umbrella cells ( Figure 1C ). On the other hand, immunolabeling using anti-LAMP-1 antibodies showed that lysosomes or late endosomes are rather evenly distributed in all cell layers of the urothelium ( Figure 1B) . Therefore, most of the acidified organelles labeled by acridine orange and DAMP in umbrella cells do not correspond to lysosomal or late endosomal compartments, but correspond to the very abundant population of FVs. At the electron microscopic (EM) level ( Figure 1D ,E), the gold particles representing DAMP are not only found over the lumen of lysosomes (Lys) but also over FVs, which become dilated under mild fixation conditions. Together, these findings indicate that FVs have an acidified lumen, a property not only shared by lysosomal compartments but also by secretory granules and LROs (33, 47) .
The tetraspanin CD63 had been demonstrated to be a reliable marker for LROs (47) . Immunolabeling of mouse bladder sections with an anti-CD63 antibody showed that umbrella cells, which contain essentially all the mature FVs, show no significant labeling, indicating that mature FVs do not contain CD63 (Figure 2 ). Some punctate labeling was observed in the urothelial cell layer below the umbrella cells, and some of these structures were also UPIII-positive (arrows in Figure 2 ), indicating that immature FVs may be at least transiently CD63-positive. These results also indicate that mature FVs most likely do not correspond to LROs, but represent instead a special type of secretory granules that deliver membranes containing UPs in a highly concentrated, crystalline form to the apical surface of the umbrella cells.
Umbrella cells of the Buff mouse lack FVs but accumulate MVB-like vacuoles
Because the biogenesis and targeting of LROs such as melanosomes and platelet dense granules are altered in the Buff mouse (39), we wondered whether urothelial FVs were also affected. Unlike the cytoplasm of wildtype umbrella cells, which is mainly occupied by mature FVs interspersed by small vesicles, mitochondria and a few large vacuoles ( Figures 3A,B and S1 ), umbrella cells of the Buff mouse urothelium contained few FVs and were filled with large MVB-like vacuoles, creating a foam-like appearance ( Figures 3C,D and S2 ). This phenotype was observed in essentially all umbrella cells of the Buff mouse. Despite the depletion of FVs, the apical plasma membrane of Buff mouse umbrella cells ( Figure 3F ) had the typical AUM appearance seen in control mice ( Figure 3E ), indicating that the available FVs were sufficient to deliver crystalline plaques of UPs to cover the apical membrane. Examination of the umbrella cells of an 8-day-old Buff mouse ( Figure 3G ) showed a less severe phenotype when compared with that of 3-month-old adult mice ( Figure 3D ), i.e. there are still some FVs found concentrated beneath the apical plasma membrane, and the accumulation of the MVBlike vacuoles was less pronounced. These observations indicate that the phenotype seen in Buff mice is agedependent.
The MVB-like vacuoles are involved in the endocytic degradative pathway of uroplakins To investigate whether the MVB-like vacuoles were FV related, we examined the ultrastructure of Buff mouse umbrella cells (Figure 4) . The membranes forming these MVB-like vacuoles have an angular appearance ( Figure 4A ), similar to that of the apical plasma membranes of umbrella cells and FVs. The MVB-like vacuoles contained amorphous material ( Figure 4A ) or various numbers of small vesicles with an average diameter of 40 nm ( Figure 4C ,D,E). Variations in morphology of the vacuole contents most likely reflect different stages in MVB maturation (48) . That typical AUM structures ( Figure 4B ) can be clearly identified in these MVB-like vacuoles suggests that they are FVs related and that they are most likely part of the degradative pathway for UP plaque components.
Fibroblasts in the extracellular matrix space below the urothelium also showed morphological abnormalities. In normal fibroblasts, the rough ER is the predominant organelle ( Figures S1 and S3A) , whereas in the Buff mouse fibroblasts are filled with vacuolar structures containing undigested material ( Figures S2 and S3B) , a phenotype seen in lysosomal storage diseases (49) . Similar morphological changes were observed in the pancreatic fibroblasts of Buff mice (not shown). Because the functions of regular late endosomes/lysosomes are affected in this mouse model of HPS, the observed phenotype in umbrella cells does not support the argument that FVs are LROs. It appears that in umbrella cells inhibition of the pathway toward degradation in mature lysosomes caused by the mutation in Vps33a resulted in the accumulation of urothelial plaques in MVBs, while in fibroblasts, presumably undigested extracellular matrix components forming multilamellar structures filled the cytoplasm. Although Vps33a is thought to be ubiquitously expressed (50) , and the Vps33a mutation led to severe phenotypes in umbrella cells and bladder fibroblasts, this mutation did not affect the appearance of typical secretory granules of the exocrine and endocrine pancreas (not shown), suggesting that the former bladder cell types have a much more active endocytic/degradative pathway. As shown earlier for wild-type mice, UPIII and Rab27b are most strongly expressed in urothelial umbrella cells, with the highest concentrations found just underneath the apical plasma membrane ( Figure 5A ,B) (22) . The expression of these two differentiation markers are grossly altered in the Buff mouse urothelium: UPIII concentrations are greatly increased in most umbrella cells (D), corresponding to increased levels of MVB-like vacuoles, while the expression of Rab27b is significantly lower (E), which is apparently related to the disappearance of FVs ( Figures 3D and S2 ). Immunogold labeling on frozen sections showed that in control mice, UPIII localized predominantly to FVs in umbrella cells ( Figure 6A ). It also demonstrated that the MVB-like vacuoles in Buff mouse umbrella cells contained UPIII ( Figure 6B ), which was found to be associated not only with the limiting membranes of the MVB-like vacuoles but also with the amorphous material and small vesicles contained in the lumen of these vacuoles (arrows). Consistent with the immunofluorescence results, we found that in contrast to normal umbrella cells, where Rab27b is localized predominantly to FVs, the MVB-like vacuoles in Buff mouse cells were labeled only by few gold particles (arrows in Figure 6D ). The increased expression levels of UPIII and Rab27b in the intermediate cell layer of the Buff mouse suggest that these cells differentiate prematurely and target FVs to their plasma membranes by a mechanism that presumably involves Rab27b. This conclusion is also supported by immunogold double labeling experiments showing that vesicles in the cell layer below the umbrella cells contain both Rab27b and UPIII ( Figure S4 ).
To further characterize the large vacuoles accumulating in Buff mouse umbrella cells, we immunostained bladder sections of wild-type and Buff mice using antibodies directed against the late endosomal/lysosomal markers, LAMP-1 ( Figure 5H ,K, respectively) and LAMP-2 (not shown). In the wild-type mouse, both LAMP-1 ( Figure 5H ) and LAMP-2 (not shown) were found in all urothelial layers, with somewhat higher levels of expression in the lower cells. While in normal urothelium these lysosomal markers did not colocalize with UPIII (for LAMP-1, see Figure 6E ), but in the Buff mouse they were associated, in addition with the limiting membrane as well as some luminal materials of the MVBlike vacuoles ( Figure 6F ). The colocalization of UPIII and LAMP1/2 in MVBs supports the idea that these organelles are involved in the degradation of AUMs that may be derived from the apical plasma membrane or from FVs (see also Figure 8 ).
Vps33a mutation prevents fusion of MVBs with lysosomes
A likely explanation for the accumulation of MVB-like organelles in the Buff mouse is that the fusion of MVBs with lysosomes is blocked because of the Vps33a mutation. Consistent with such a mechanism are western blot results (Figure 7 ), which showed a large increase in the content of UPII (450%) and UPIII (320%). There were similar accumulations of the two lysosomal markers LAMP-1 and -2, and a modest increase in Rab27b (150%). Loading onto the gels constant amounts of protein, the specific content of actin in the urothelium of Buff mice was consistently lower (50-60%). Therefore, normalization based on constant actin content would increase the accumulation of UPs even further. Because urothelial It is interesting to note that the urothelial phenotype of the lysosomal integral membrane protein (LIMP)-2 knockout (KO) mouse is similar to that of the Buff mouse (51). LIMP-2 is an integral membrane protein found normally in late endosomes/MVBs and in mature lysosomes (52) . Recently, this protein has been identified as the receptor that functions in the vesicular transport of β-glucocerebrosidase (β-GC) from the TGN to late endosomes (53) . This raised the possibility that Vps33a and the associated HOPS complex may play a role in the delivery of lysosomal enzymes to late endosomes, and that a defect in Vps33a may lead to lower levels of enzymes needed for UP degradation. In such a scenario, one would also expect a phenotype akin to a lysosomal storage disorder, which is characterized by the accumulation of undigestible material in lysosomes or MVBs. Although UPs are not substrates for β-GC, it is possible that other lysosomal enzymes, that affect the degradation of UPs, use the same receptor for their delivery to late endosomal compartments. We, therefore, measured the β-GC and β-hexosaminidase (β-Hex; transported by the mannose-6-phosphate receptor) levels in urothelial and liver homogenates of control and Buff mice (Table 1) . In contrast to the LIMP-2 KO mouse, where β-GC levels in the liver were less than 10% of those in wild-type mice (53) , in Buff mice the β-GC levels in the liver were not significantly different. In the urothelium of Buff mice this enzyme activity was even somewhat elevated compared with wild-type mice, although this difference is not significant. These findings reinforce our conclusion that Vps33a functions in a step affecting the maturation of MVBs such as the fusion of MVBs with mature lysosomes (48) . The persistent presence of a small number of MVB-like structure in wild-type umbrella cells ( Figures 3B and S1 ) (1) indicates that MVBs are intermediates in the degradative pathway for AUMs that function also in the normal urothelium.
Discussion
In urothelial umbrella cells, FVs function as storage organelles for AUMs that may be inserted in a regulated manner into the apical membrane (2, (19) (20) (21) (22) (23) . Our findings suggest that FVs are also linked to the endocytic/lysosomal pathway, but are most likely not related to LROs. We have previously shown that FVs are associated with Rab27b (22), a small GTPase that is not only associated with secretory granules (28, 29) but also with LROs (29, 30, 32) . The finding that FVs have an (11) that is involved in the fusion of MVBs with mature lysosomes (Lys), but not in step (12) that regulates the delivery of lysosomal enzymes to late endosomes or MVBs. Inhibition of step (11) caused by the point mutation in Vps33a is most likely responsible for the accumulation of UPs that are contained in the MVBs. Figures 3D and S2) , are most likely the same ones that are seen at very low levels in normal umbrella cells ( Figures 3B and S1 ). These MVB-like vacuoles are, therefore, related to the normal degradation of UP plaques of the apical plasma membrane that are internalized during the micturition cycles. Alternatively, they are derived from the FVs that are shunted directly into the degradative pathway. As would be expected for MVBs/late endosomes, we found that they are LAMP-1/2-positive ( Figures 5 and 6 ). Supporting their FV origin, these MVB-like vacuoles contain not only UPs but also morphologically recognizable AUMs ( Figure 4B ). The fact that these MVBs are only seen in the umbrella cell layer, and not in the intermediate or basal cell layer, indicates that their expression is differentiation dependent and related to the apical surface expression of UPs.
The fact that the FVs in the Buff mouse urothelium are almost completely replaced by MVBs can be explained in several ways. First, the Vps33a mutation caused a higher rate of FV fusion with, and retrieval from, the apical umbrella cell membrane. Second, a mechanism that shunts FVs into the endocytic/lysosomal pathway is exaggerated in these cells. The finding that the apical plasma membrane and FVs contain the same SNARE molecules, which would enable FVs to fuse in a homotypic fashion (54) , supports this mechanism. Fusion of FVs with organelles of the endocytic pathway would be akin to crinophagy in cells containing secretory granules where, under certain physiological conditions, secretory granules fuse directly with lysosome-related compartments (steps 8 and 9 in Figure 8 ) (55, 56) . Third, the Vps33a mutation may activate a feedback mechanism that inhibits synthesis and maturation of new FVs in umbrella cell (57) . Fourth, a terminally differentiated umbrella cell may start with a finite complement of FVs that are consumed over the lifetime of the cell. This mechanism is supported by our observation that umbrella cells, even in wild-type mice, may have a heterogenous ultrastructural appearance that may correspond to different stages of their expected life span. Furthermore, in umbrella cells of 8-day-old Buff mice FVs are the most abundant organelles ( Figure 3G ), suggesting that young umbrella cells still contain a larger pool of FVs that have not been used up. Finally, we cannot rule out the formal possibility that MVBs function in the exocytic pathway and provide in Buff mice a mechanism for delivering AUMs to the apical surface. Fusion of MVBs with the plasma membrane had been demonstrated in the human erythroleukemia cell line K562. It was shown that fusion of MVBs with the plasma membrane is regulated by Rab11a (58) . Interestingly, Rab11a is expressed in urothelial umbrella cells in rather high concentrations and had been shown to function in the fusion of FVs with the apical membrane (37) .
A likely interpretation of the accumulation of MVBs in Buff mice is that the mutation in Vps33a interferes with the fusion of MVBs with lysosomes. Vps33a belongs to the Sec1/munc18 family of proteins (39, 59) , and it is part of the class C Vps complex that includes Vps11, 16, 18, 33a and 41 (60) . The components of this complex are highly conserved in yeast and higher eukaryotes, and this complex may function in multiple steps in endocytosis (61), including the SNARE-mediated vesicle docking and fusion with the vacuolar compartment (38, 62) . In higher eukaryotes, the class C Vps complex plays a role in the biogenesis and intracellular trafficking of melasosomes, and mutations not only in Vps33a but also in Vps16, Vps18 and Vps11 affect the size and number of this organelle (63) (64) (65) (66) ). It appears, therefore, that the mutation in Vps33a prevents the fusion of MVBs with mature lysosomes, resulting in the accumulation of MVBs in umbrella cells. This interpretation would also explain that the Buff mouse urothelium has an increased content of UPs, presumably because of the fact that lysosomal maturation has been blocked, thereby preventing efficient UP degradation. This conclusion is strongly supported by the recent demonstration in Drosophila, that deletion of the Vps33a-encoding Car gene results in the accumulation of autopagosome-like structures in the imaginal discs, indicating that fusion of these late endosomal structures with lysosomes requires Car (67) .
We excluded the possibility that Vps33a, as part of the HOPS complex, plays a role in the delivery of lysosomal enzymes to late endosomes via LIMP-2, the transporter for glucocerebrosidase (53) , by demonstrating that the β-glucocerebrosidase activities of wild-type and the Buff mouse urothelium are not significantly different (Table 1) . We cannot exclude the possibility, however, that LIMP-2 has in addition a function in the fusion of late endosomes with mature lysosomes as LIMP-2, in contrast to the mannose-6-phosphate receptor, is not only found in the TGN and in endosomal compartments but is also a marker for mature lysosomes (68-70).
The altered morphology of urothelial umbrella cells in the Buff mouse is most likely because of the Vps33a mutation. The possibility that a mutation in another gene did actually cause the MVB accumulation in urothelial umbrella cells is highly unlikely because of the nature of the original buff mutation and because of the system of mating and selection of buff progeny in subsequent generations. The buff mutation occurred as a spontaneous (i.e. single event) mutation on mouse chromosome 5 in the C57BL/6J inbred strain and has subsequently been maintained by repetitive backcrossing to the C57BL/6J wild-type parent. A hypothetical additional mutation elsewhere in the genome of the Buff mouse would have been eliminated by the random chromosome sorting and recombination events occurring during such backcrossing to the wildtype parent. Furthermore, detailed molecular analysis of the region of chromosome 5 including and immediately surrounding the Vps33a gene in buff mutants revealed only the Vps33a mutation (39). Although we succeeded in raising rabbit antibodies against recombinant Vps33a, the level of this protein in vivo in normal and Buff mouse urothelia was too low to be detected. Therefore, we could not assess whether the level of the mutated form of Vps33a had changed in the Buff mouse urothelium.
Our studies on the urothelium of normal and Buff mice suggest a model for the biosynthesis and targeting of UPs in normal urothelium (Figure 8 ). This model can explain the disappearance of FVs and the accumulation of MVBlike vacuoles in umbrella cells of the Buff mouse. Early ultrastructural studies suggest that fragments of the TGN containing small AUM assemblies may form discoidal vesicles (DVs) through homotypic fusion (1) (Figure 8 , step 1). By cycling membranes back to the TGN that are devoid of AUMs (step 2), the membranes of the DVs would be eventually completely converted into AUMs and assume the flattened morphology typical of mature FVs (step 3). In analogy to melanosomes, FVs may be tethered to cortical actin network (step 4) by a mechanism involving Rab27b together with melanophilin and myosin V (22, (71) (72) (73) . After fusion of FVs with the apical plasma membrane via a specific SNARE complex, AUMs are internalized from the plasma membranes as a result of stretching and relaxing of the bladder during the micturition cycles, either by a retrieval process where FVs are recreated, a mechanism favored by earlier studies (step 13) (2, 19, 24, 74) , or by regular endocytosis (step 14) (21). In either case, AUMs accumulate eventually in MVB-like vacuoles (step 10), which then fuse with lysosomes (step 11). In analogy to crinophagy in cells containing secretory granules (56) , FVs may even under normal physiological condition fuse at a low rate with elements of the lysosomal apparatus and be converted to MVBs (steps 7-9). The likely reason for the accumulation of MVB-like organelles in umbrella cells of the Buff mouse is that their fusion with mature lysosomes is blocked because Vps33a functions normally in this step (step 11). Such a function of Vps33a is also supported by studies on the corresponding yeast protein where mutations in the vps33 gene resulted in morphological changes that affected the functioning of the yeast vacuole, the organelle equivalent to lysosomes in higher eukaryotes (59, 60) . In fact, Vps33a is a homolog of Sec1p-like regulators of membrane fusion, which in yeast is required for the SNARE-mediated vesicle docking and fusion with the vacuole (61). Although we cannot formally exclude the possibility that MVBs have the capacity to fuse with the apical plasma membrane, the depletion of Rab27b from umbrella cells of the Buff mouse argues against such a mechanism. Our results indicate that FVs belong to a specialized class of secretory granules, and that the mutation in Vps33a results in the accumulation of MVBs because fusion of this degradative organelle with mature lysosomes is blocked. Our model incorporates our current knowledge on vesicular traffic in urothelial umbrella cells and provides a framework for further studies on membrane trafficking in urothelial umbrella cells. 
Materials and Methods
Mice
Reagents and antibodies
Acridine orange staining of mouse urothelium
A fresh mouse bladder was cut into four pieces and incubated with acridine orange solution (5 μg/mL) for 30 min at 37
• C in the dark in a buffer containing 140 mM aspartic acid (pH 7.4), 20 mM Hepes (pH 7.4), 5 mM MgCl 2 , 5 mM EGTA and 5 mM NaCl. After three washes with the same buffer, the bladder pieces were mounted on a slide such that the bladder lumen and the urothelium faced upwards. A rubber ring (diameter 8 mm and 1 mm thick) surrounding the bladder pieces was attached to the slide with grease and covered by a coverslip so that the tissue was covered at all times by the buffer. The sample was immediately viewed on a confocal microscope (LSM 510, Zeiss) with the green and orange filter settings (excitation at 488 nm and emission at 515-530 and 580-630 nm).
DAMP staining of mouse urothelium
DAMP staining was done essentially as described previously (46) . A mouse (∼30 g) was anesthetized by i.p. injection of a mixture of Xylazine (10 mg/kg body weight) and Ketamine (200 mg/kg body weight), and the mouse abdomen was opened to expose the bladder. About 100 μL of 200 μM DAMP prepared in a special buffer [140 mM aspartic acid (pH 7.4), 20 mM Hepes (pH 7.4), 5 mM MgCl 2 , 5 mM EGTA and 5 mM NaCl] was directly injected into the bladder. The same amount of this buffer was injected into the bladder of a control mouse. The mouse was placed on a warm plate to maintain its body temperature. After 30 min the mouse was sacrificed and the bladder was excised, rinsed with the buffer, and fixed with 2% paraformaldehyde (PFA) and 0.2% glutaldehyde for 2 h at room temperature. 
Immunofluorescence staining
Mouse bladders, fixed in 10% formalin and embedded in paraffin, were sectioned (5 μm thick). After deparaffinization, rehydration and citrate buffer epitope retrieval, sections were blocked with 10% normal goat serum in PGBA buffer (0.1 M PBS, 0.1% gelatin, 1% BSA) and then incubated with primary antibodies such as UPIII (1:1000), Rab27b ( 
Enzyme activity assays
From three 8-week-old wild-type and three Buff mice, livers and urothelium were harvested and separately homogenized. β-Glucocerebrosidase and β-hexosaminidase activities were measured using the respective 4-methylumbelliferyl substrates (77) .
Electron microscopy
Freshly excised mouse bladders were cut into small pieces (<1 mm 3 ) and fixed with 2% glutaraldehyde in a 0.1 M cacodylate buffer (pH 7.4) for 2 h at room temperature . The samples were osmicated with 2% osmium tetroxide (OsO 4 ) in 0.1 M cacodylate buffer (pH 7.4). After staining with 1% uranyl acetate, the samples were embedded in Epon. Semi-thin sections were cut and stained with toluidine blue (1% toluidine blue in 1% sodium borate) and pictured using a light microscope (Axiophot; Carl Zeiss MicroImaging, Inc.). Ultrathin sections were cut for EM.
Immunoelectron microscopy
Small pieces from freshly excised mouse bladders were fixed with 2% PFA /0.2% glutaraldehyde in 0.1 M PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl 2 , pH 7.0) for 2 h at room temperature. After washing 3× with PBS and subsequent quenching with 0.02 M glycine in PBS, the samples were infiltrated with 10% gelatin in PBS at 37
• C and then solidified on ice. Small blocks were cut from gelatin slabs and transferred to 2.3 M sucrose in PBS over night at 4
• C. The blocks were mounted on metal chucks, frozen onto the microtome stub in liquid nitrogen and sectioned on an ultracryomicrotome (Leica Ultra-cut) with cryoattachment. Ultrathin (70-80 nm) frozen sections on a grid were blocked with glycine in PBS for 10 min and then blocked with 1% BSA, glycine in PBS for another 10 min. Primary antibodies (1:1 for anti-UPIII, 1:250 for anti-Rab27b, 1:10 for anti-LAMP-1 and 1:10 for anti-LAMP-2) were incubated with samples at 4
• C over night. For Rab27b and CI-MPR staining, after washing with 10 mM glycine in PBS, samples were incubated with 10 nm gold particles conjugated to protein A for 30 min at room temperature and washed again. For UPIII, rabbit anti-mouse IgG was used as second antibody and then incubated with gold-conjugated protein A. For LAMP-1 and LAMP-2 staining, 10 nm gold-conjugated goat anti-rat IgG were used. Sections were fixed in 1% glutaraldehyde in PBS for 5 min to stablize the immunoreaction followed by washing with double-distilled water. After contrasting with neutralized uranyl acetate, 0.4% uranyl acetate/1.8% methylcellulose was used for contrast enhancement and support. The grids were air-dried and analyzed with an electron microscope (JEM 200 CX; JEOL). Bladder tissue was also embedded in Lowacryl K4M (Polysciences, Inc.) (78) and thin sections were double labeled (see above) using rabbit anti-Rab27b (1:50) and the monoclonal UPIII antibody (undiluted) following essentially published procedures (79) .
Western immunoblotting
The urothelial layers were scraped from mouse bladders and homogenized in a buffer containing 50 mM Hepes (pH 7.4), 150 mM NaCl, 1% Triton-X-100 and 5 mM ethylenediaminetetraacetic acid (EDTA) as well as a protease inhibitor cocktail (Roche Applied Science). Fifty micrograms of total proteins was loaded and separated by SDS-PAGE, and then transferred to nitrocellulose membrane (Hybond TM -ECL TM , Amersham Biosciences). The membranes were incubated with different primary antibodies at 4
• C over night. After 3 × washing, secondary antibodies, HRP-conjugated goat anti-mouse IgG, goat anti-rabbit IgG or goat antirat IgG were incubated with the membranes. Specific protein bands were visualized by Western Lightning TM chemiluminescence Reagent Plus (PerkinElmer life Sciences, Inc.).
Supporting Information
Additional Supporting Information may be found in the online version of this article: This overview of the urothelium from an 8-week-old Buff mouse was created from 15 overlapping low magnification EMs that were assembled as described in Figure S1 . The area indicated in the umbrella cell layer by a box is shown at higher magnification in Figure 2D . The boxed area in the lamina propria part of the section is shown at higher magnification in Figure S3B . Any queries (other than missing material) should be directed to the corresponding author for the article.
